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Abstract

To understandthedynamicsin anacceleratorit is essential
to have a goodmodelrepresentingits realisticlattice. One
methodusedat the ALS to calibratethe linear (coupled)
acceleratormodel is the analysisof orbit responsematri-
ces. Recentlythis methodhasbeencombinedwith fre-
quency map techniques,both in tracking andexperiment
at theaccelerator. Comparingthe resultsof simulatedand
measuredfrequency mapsshowshow accuratelytheaccel-
eratormodel describesthe nonlinearbeamdynamics. In
additionmeasuredfrequency mapscanserveasamodelin-
dependenttool to evaluatethequalityof a lattice.Themea-
surementsat theALS clearlyshow thenetwork of coupling
resonancesandtheagreementwith thesimulationusingthe
calibratedmodelis very goodwhereasthedisagreementis
largewhenusinganidealacceleratormodel.

1 INTRODUCTION

The AdvancedLight Source(ALS) is a third generation
synchrotronlight sourcelocatedatLawrenceBerkeley Na-
tional Laboratory[1]. Similar to the situationat all other
third generationsynchrotronlight sourcesthe singlepar-
ticle dynamicsis an importantfactorwhich contributesto
several performancelimitations. If the particlemotion at
large amplitudesis unstable,electronsscatteredto these
largeamplitudesvia collisionswith gasparticles(gaslife-
time) or other electrons(Touscheklifetime) may be lost.
Similarly, electronsinjectedat largeamplitudemaynot be
captured.

Table1: NominalALS parameters.
Parameter Description�

Beamenergy 1.5–1.9GeV�
Circumference 196.8m� � hor. tune 14.25� � vert. tune 8.20� � hor. nat.chromaticity -24.6� � vert. nat.chromaticity -26.7

To reachsmall equilibrium emittancesthird-generation
light sourcesusestrongly focusingquadrupoles.The re-
sulting large chromaticaberrationshave to be corrected
with strongsextupolemagnetsin order to provide damp-
ing of theheadtail modes.Thesextupolesin turn generate
geometricalandnonlinearchromaticaberrations,exciting
resonancesthat canmake the motion of the electronsun-
stable.If thelatticeis periodic,many low orderresonances�
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aresuppressed.TheALS magneticlatticeis constructedof
twelve identicalsectors.

2 MODEL CALIBRATION

To calibratethe linear model of the ALS an analysisof
measuredorbit responsematrices(LOCO [2]) has been
usedfor several years[3]. In the analysisall gradients
(quadrupolesandoffsetsin sextupoles)canbedetermined
with a relative accuracy of about 
�� 
  ��� . In additionone
getsrelative gainfactorsof all correctorsandall beampo-
sition monitors.The � -beatingaftera correction,basedon
the resultsof the modelfitting, is small; about2% in the
horizontaland3% in the vertical plane(peak). Recently
LOCO hasbeenmodifiedto allow a modelcalibrationof
a complete,fully coupledmachinemodelwith reasonable
computationtime [4]. This allows thedeterminationof lo-
calizedcouplingterms.

3 FREQUENCY MAP ANALYSIS

Resonancescanleadto irregularandchaoticbehavior for
theorbitsof particles,whicheventuallywill getlostby dif-
fusion to high amplitudes. To calculatethe strengthof a
resonanceusuallya trackingcodewhich numericallysim-
ulatestheevolutionof beamparticleis employed[5].

Thedynamicsof theresulting4-dimensionalsymplectic
returnmapcanbeanalyzedusingLaskar’sFrequency Map
Analysis(FMA) method[6, 7, 8, 9, 10]. TheFMA numer-
ically constructsa mapfrom thespaceof initial conditions
to the frequency space.For eachselectedinitial condition
the particlemotion is tracked numerically, andthe trajec-
tory is recordedturn by turn. Thena numericalalgorithm
basedon a refinedFourier technique(see[9]) is usedto
searchfor aquasiperiodicsolution.If thetrajectoryis regu-
lar, theKAM theorem(see[11]) requiresthatthemotionis
quasiperiodic,with two fundamentalfrequencies� � � � � � � .
In this case,the frequenciescanbe determinedwith very
highaccuracy sincethealgorithmconvergeslike 
 � ��� [9].

Moreover, the numerical algorithm always yields a
quasiperiodicapproximationof the trajectories,andthere-
fore themapis numericallydefinedon theentirespaceof
initial conditions[7, 8].

3.1 Ideal Lattice versus Calibrated Machine
Model

Frequency mapsprovide a clearandintuitive view of the
global dynamicsof the completephasespaceof the sys-
tem. This can be seenin Fig. 1 wherea frequency map
for a grid of initial conditions(equidistantin betatronam-
plitudes)with trackingover 1000turns is shown. This is



about1/20thof the dampingtime due to synchrotronra-
diation� which hasbeenignored in the computations. In
thelatticemodelthechromaticity(like in therealmachine)
is adjustedto be slightly positive using the two families
of sextupoles. Besidesthe sextupoles,the lattice usedfor
thecalculationwasidealwith a perfect12-fold periodicity
anda working point of ( � � � � � � � � � � ). Due to thedetuning
with amplitudethebetatrontuneschangefor particleswith
non-zeroamplitudes.Initial conditionswith only horizon-
tal or only verticalamplitudecorrespondrespectively to the
lower-right andupper-left envelopeof the plot. The lines
appearingin the figure are resonanceswhich show up as
distortionof thefrequency map. In additionchaoticzones
appearcorrespondingto non-regular behavior of the fre-
quency map.Thecolorcodeis indicatingthediffusionrate
asdefinedby thechangein betatrontuneperrevolutionon
a logarithmicscale.

Figure1: Frequency mapof theALS for anideallattice.

Theerrorsof therealmachinereducethesizeof thereg-
ular regionby destroying the12-foldperiodicityandexcit-
ing additionalresonances.Fig. 2 shows a frequency map,
wherefitted linear(gradientandcoupling)errorshavebeen
includedin themodel.Thestableregion in thiscaseis sig-
nificantly reducedin comparisonwith the ideal lattice. In
additionthelossmechanismsareverydifferent.In theideal
caseparticlelossis very fast(a few turns)andhappenson
high order, allowed resonances.For the calibratedmodel
thelossis aslow diffusion(somethousandturns)on(inter-
sectionsof) lowerorderresonances.

In orderto determine,whetherany of thosetwo models
representsthe nonlineardynamicsof the ALS correctly, a
measurementof afrequency mapwascarriedoutproviding
a pictureof theglobaldynamicsof therealbeam[12].

4 EXPERIMENT

Two tools wereusedto performthe measurementsat the
ALS. First, thereis asetof two singleturn(600ns)kickers

Figure2: Frequency mapof theALS for thecalibratedlat-
tice modelwith measurederrors.

(“pingermagnets”).Together, bothpingermagnetsareable
to launchthe beamsimultaneouslyto variablehorizontal
and vertical amplitudes. The secondtool is turn-by-turn
beampositionmonitors(BPM). Duringanexperiment,the
ring is filled with atrainof 40consecutiveelectronbunches
(to getbetterresolutionof theBPMs). Thetotal currentis
10 mA ( �! � " # $ electrons).

During eachrun, two setsof measurementsare taken.
First, anorbit responsematrix is measuredto calibratethe
linear model. Thena setof turn-by-turndatais recorded
for the frequency map. In orderto obtaina regularly dis-
tributedimage,thehorizontalandverticalpingerstrengths
aresetsuchthat the squaresof thosestrengthsareevenly
spaced.The dataacquisitiontime for eachpoint is about
20 seconds,or about4 hoursfor thecompletemap.

For thefirst experimentweselectedtunesandchromatic-
ities close to the nominal conditions for user operation
(compareTab. 1). Thelinear latticewasmeasuredandad-
justedto make it ascloseto 12-fold periodicaspossible
(2-3% % -beating,1% coupling). The frequency analysis
wasperformedwith 25 by 25 initial conditions(Fig. 3a).
Oneclearlyseestwo stronglyexcitedcouplingresonances
of 5th orderwhich are’unallowed’ for 12-fold periodicity
anddo not show up in thefrequency mapfor theideal lat-
tice. They areexcitedbysmallremaininggradientandcou-
pling errors.This shows that theideal latticeis not a good
representationof therealmachine.Moreoverwefoundthat
a latticemodelwith randomerrorsalsodid not agreewell.

In orderto checkour calibratedlatticemodel,we calcu-
lateda frequency mapbasedon the orbit responsematrix
datafrom thesameday(Fig.3b). Theagreementof thetwo
frequency mapsis excellent. We thereforeconcludethat
a modelusingnominalsextupolestrengthsandcalibrated
gradientandcouplingerrorsis describingthenonlineardy-
namicsin theALS veryaccurately.

In thefuture,we expectto reducethemeasurementtime
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Figure3: Experimentalfrequency map(a), andnumerical
simulation(b) for theALS with its nominalsettings.Res-
onancesof order &(' areplottedwith dashedlines.

for a frequency map,to make it availableasroutineonline
monitor of the quality of the beamdynamics. As an il-
lustrationof themodelindependentdiagnosticcapabilities
of experimentalfrequency maps,wesetaslightly different
working point ) * +-,/. 0 1 2 3 ' 4 * 56,87 1 . 9 3 : . In this case,
themeasuredfrequency map(Fig. 4) showsseveralstrong,
intersecting(at . 0 1 2 ' 4 7 1 . 2 ' ) resonances.The intersection
inducesrapiddiffusionof particleswith correspondingre-
ductionin injectionefficiency andlifetime.
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Figure 4: Experimentalfrequency map plotted together
with informationaboutthefractionalbeamloss.

Indeed,duringthemeasurementwe recordedsignificant
beamloss(Fig.4) atthis intersection(andabove,sincepar-
ticles launchedto higheramplitudescrossthroughthat in-

tersectiondueto radiationdamping)quitein contrastto the
first experiment,wherethe beamwaskicked to the same
amplitudesbut nosignificantbeamlosswasrecorded.

5 CONCLUSIONS

The frequency map measurementsat the ALS show the
full network of couplingresonancesin a Hamiltoniandy-
namicalsystemof 3 degreesof freedom.Thecomparison
of predictedandmeasuredfrequency mapsshows that the
(relatively simple) calibratedmachinemodel using nom-
inal sextupole strengthsand measuredgradientand cou-
pling errorsdescribesthe nonlineardynamicsin the ALS
remarkablywell. Becauseof the goodagreementwe are
now usingthecalibratedmachinemodelandsimulatedfre-
quency mapsasa routinetool to predictthe impactandto
optimizefuture modificationsof the ALS lattice. In addi-
tion themodelindependentdiagnosticcapabilityof exper-
imental frequency mapswas demonstratedand the inter-
pretationof frequency mapswascrosscalibratedby com-
paringmeasuredbeamlossinformationwith theresonance
structure.
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